Introduction
The demand for image sensors made in CCD and CMOS fabrication processes has increased significantly over the past several years due to the proliferation of consumer electronic devices such as digital cameras, camcorders, and cellular phones. Although the device fabrication technologies used to produce CCD and CMOS image sensors have many differences, they are both sensitive to the presence of metallic impurities near the device junctions. The control of the residual metal content in the silicon epitaxial layer where device junctions are fabricated is of relevant importance, affecting dark current leakage at very low residual metal content.
Several well known electrical techniques are applicable to detect metals in a silicon epitaxial layer. They include Deep Level Transient Spectroscopy, Recombination lifetime measurements by SPV, Photoconductive Decay or Electrolytical Metal Traces, and generation lifetime measurements. However, present and future trends of acceptable residual metal content for this family of application are facing values which are getting closer and closer to the detection limits of the above-mentioned techniques. Furthermore, the measurement response of these methods is strongly dependent on dopant concentration and type as well as metal distribution in the measurement volume. These two aspects add complexity to an effective process and product control of epitaxial wafers which have intrinsically non-uniform dopant and metals distributions.
This paper intends to discuss some examples of integrated application of electrical techniques on epitaxial product showing their strength and weakness.
Experimental
Different types of silicon wafers have been used in the present work. Their key differences are related to epi and substrate dopant concentration tuned for the measurement technique applied. All epitaxial deposition was done in single wafer reactors whose thermal cycle did not exceed a total time of 200 sec and a maximum temperature of 1220 °C. When specifically mentioned in the Results section, wafers belonging to different groups have been processed sequentially in the same reactor, in order to have similar metals contamination levels so that it is possible to compare directly results of different techniques. Their main characteristics are the following:
group A: 200 mm epitaxial wafers , <100 > oriented, boron doped with substrate resistivity in the range of 8-20 mohm-cm and epitaxial resistivity in the range of 14-25 ohm-cm. Epi thickness varies within 2.2 µm and 4.3µm.
group B: 200 mm epitaxial wafers , <100 > oriented, boron doped with substrate resistivity and epitaxial layer resistivity in the range of 14-25 ohm-cm. Epi layer thickness is in the range of 2.2-4.3 µm. Oxygen content of the substrate was below 15 ppma.
group C: 200 mm epitaxial wafers with epi layer target of 10 µm, <100 > oriented, boron doped with substrate resistivity in the range of 8-20 mohm cm and epitaxial resistivity in the range of 80-120 ohm cm
The presence of residual metals in epitaxial wafers has been measured using different electrical techniques which can provide overall or spectroscopic information. In particular:
Deep Level Transient Spectroscopy on Titanium evaporated Schottky diodes. A DLS83 instrument from Semilab equipped with a CTI cryostat able to cover temperatures from 30K to 300K was used to collect DLTS spectra. Diode reverse voltage has been selected to maintain the depletion layer within the epi film. Detection limits of this technique are essentially determined by dopant concentration in the measured volume; the combination of sample resistivity, diode electrical characteristics and instrument settings allowed to detect impurities at a level of 2E-5 times the dopant concentration. The DLTS technique was applied on wafers of group A and group C measuring diodes located in the center of the examined wafers.
Surface Photovoltage SDI CMS4020 instrument has been used for iron content measurement, applying iron-boron pair thermal dissociation. The detection limit of iron content can be estimated around 4E9 at/cm^3 for the diffusion length range involved. The SPV technique was applied on wafers of group B averaging the five measurements performed at the center and the four edge positions.
Electrolytical Metal Tracer Elymat II from Gemetec which provides minority carrier diffusion length wafer maps applying a surface passivation by diluted HF solution. Measurement has been done in Back Photo Current mode i.e. collecting the minority carrier current on the backside of the wafer while minority carriers are generated by a laser of 905 nm on the frontside of the wafer. The upper limit of reliable minority carrier diffusion length values is estimated to be 2200-2500 µm, in the case of standard wafer thickness, corresponding to a current ratio very close to 1. The corresponding lifetime has been computed from the measured diffusion length values using an electron diffusion coefficient of 35cm^2/s. The Elymat technique was applied on wafers of group B by mapping the whole surface with a 2mm/ point resolution. The average value of the map was considered in the results discussed below.
Microwave Photoconductive Decay System WT2000 from Semilab. It measures minority carrier recombination lifetime using a pulsed laser of 905nm and monitoring by microwave reflectance the decay of conductivity following cessation of the light pulse. The wafer surface has been passivated by growing a 300 A thermal oxide at 1000 °C in dry oxygen While the lifetime measurement per se can reach reliable upper values well above a few msec, the surface passivation treatment can become the limiting factor .The Microwave PCD technique was applied on a subset of wafers from group B. The average lifetime values obtained by mapping a limited central area of the wafers have been considered.
All the above listed techniques are only applicable on lightly doped silicon material. However, for each measured point, the investigated sample volume varies among the four techniques ranging from very limited space, a few microns in depth from the surface, in the case of DLTS to the whole wafer thickness in the case of Elymat in BPC mode . An intermediate situation is the case of SPV where a proper set of filters have been used to collect the surface photovoltage till 200µm in depth and in case of µPCD involving a volume of measurement of about 30 µm That implies two aspects which must always be considered: 1) only DLTS can be applied on the actual epi product on heavily doped substrate since measurement only probes the epitaxial layer , while using the other techniques ad hoc lightly doped monitor wafers have to be processed in epi reactors; 2) different response of the techniques might be expected in all the cases in which metal is not uniformly distributed.
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Results and discussion
Let's consider as first iron, surely the most monitored metal contaminant in silicon. Fig. 1 plots the overall iron data as measured by SPV on group B wafers.
Fig.1 Iron content distribution in wafers of group B as measured by Surface PhotoVoltage
The corresponding DLTS measurements on group A wafers manufactured in the same reactor and timeframe didn't reveal iron in the epi layer although a significant amount of SPV data exceed the DLTS detection limit. This apparent discrepancy can't be due to misalignment between the two techniques being SPV iron concentration calibrated through DLTS results, but rather due to the well known [1, 2] iron gettering mechanism of heavily doped substrates. When the SPV technique is used to monitor iron level and photovoltage signal is collected only in a fraction of the wafer thickness, in our case 200 µm, the measurement can be used to reveal iron concentration non-uniformity. For example, table 1 plots the iron content measured on a couple of wafers by performing the measurement either on side 1 or on side 2. A rough estimate of 450µm iron diffusion length computed from the epi thermal cycle demonstrates a non-uniform iron profile in the wafer and explains the factor of 2 difference in iron content depending on the measured wafer side. The difference between the two measurements also indicates that the contamination is introduced from side 2. Table 1 Iron content as measured by SPV on the two sides of two wafers of group B.
Iron Concentration at/cm^3
For the same population of samples having iron content distribution as reported in fig. 1 , minority carrier recombination lifetime as measured by Elymat or by µPCD are spread over a wide range of values from around 100µsec when iron content is close to 1E11 at/cm-3 to about 1-2 msec for the cleanest subset of wafer as illustrated in fig. 2 . Although a clear tendency of the well known dependency of lifetime on iron content is observed, data show other effects on lifetime response which will be discussed later on. Let's move now to Molybdenum an example of a very slow-diffusing metal frequently present in epitaxial reactors [3, 4] . Because of its low diffusion coefficient, information about the level of Mo contamination needs to be extracted in the first few microns in depth from the wafer surface. Opposite to iron, Molybdenum introduced into the epi layer is hardly gettered by the heavily doped substrate, remaining inside the epitaxial layer. For these reasons, the DLTS technique is the best candidate to measure Mo contamination. Fig. 3 shows the Mo content distribution in wafers of Molybdenum is known to be an effective recombination center [4, 5] ; however , when a minute concentration is introduced in a limited volume as it happens in current single wafer reactors, minority carrier lifetime may be unreliable for detecting these low levels of impurities. The corresponding lifetime response of group B wafers as a function of Mo concentration is shown in fig.4 either in case of Elymat and in case of µPCD. In order to avoid lifetime response interference due to iron recombination center, a selected subset of data restricted to wafers without iron contamination have been plotted in the graph. Although the analysis is limited to only the molybdenum contamination, clear evidence of lifetime degradation is obtained only for the highest Molybdenum values. Either fig. 3 and fig. 4 put in evidence a saturation of the lifetime values for the lowest contamination levels in case of µPCD technique . This fact would suggest a possible issue related to the oxidation process used for surface passivation which may modulate the effective measured lifetime, decreasing the sensitivity of the technique at a contamination level around 2E10 cm-3. In the case of Elymat, the surface passivation used in the technique moves the contamination level threshold to lower values. A complete overview of the examined techniques shouldn't underestimate the wafer mapping capability of the lifetime instruments that can be used to collect useful information on the contamination source. Fig. 5 shows an example of an Elymat map which put in evidence a problem with wafer handling before epi deposition, with associated metal contamination at the edge. Although very high values of diffusion length are measured in the map, the technique is sensitive enough to detect diffusion length differences associated with an actual source of contamination. 
Summary
The results discussed above pointed out the difficulties in finding a single technique able to monitor epitaxial process cleanliness from the metal point of view. The paper has addressed the discussion on the fact that different techniques investigate different sample volumes and require different product characteristics which may generate inhomogeneous responses. As a consequence of that, metal control data need to be interpreted before assuming them representative of the epitaxial product involved. Additional challenges related to the demand of detecting lower and lower metal impurities have been discussed showing the importance to face them just by exploiting the response of integrated techniques.
